ABSTRACT A hybrid multi-mode narrow-frame antenna for WWAN/LTE metal-rimmed smartphone applications is proposed in this paper. The ground clearance is only 5 mm × 45 mm, which is promising for narrow-frame smartphones. The metal rim with a small gap is connected to the system ground by three grounded patches. This proposed antenna can excite three coupled-loop modes and one slot mode. By incorporating these four modes, the proposed antenna can provide coverage for GSM850/900, DCS/PCS/UMTS2100, and LTE2300/2500 operations. Detailed design considerations of the proposed antenna are described, and both experimental and simulated results are also presented.
I. INTRODUCTION
In recent years, with the rapid development in smartphones design, smartphones with large screen are now very common and popular [1] . However, increasing the screen size can also lead to an enlarged total size of a smartphone, which is inconvenience for user's hand to hold firmly onto it. Therefore, narrow-frame antenna designs have been studied [2] - [4] to provide an alternative way to reduce the total size of a smartphone, while ensuring that the screen size remains unchanged.
Due to its sufficient mechanical strength and excellent appearance, metal-rimmed smartphone is also very fashionable and popular among the users at the moment. Some promising antenna designs for metal-rimmed smartphones have been reported recently [5] - [10] . In [5] , the deterioration of the inner antenna's performances is reduced by inserting gaps and grounded patches. In [6] - [9] , the antenna designs make use of the whole or parts of the metal rim to serve as antenna elements. In particular, the proposed (inverted-F antenna) IFA-based metal-frame antenna (without ground clearance) as reported in [9] can cover the LTE/WWAN operating bands by inserting three gaps (or open-gaps) into the metal-frame, and utilizing complex matching networks.
Because the operating bandwidths of mobile antenna should cover the LTE/WWAN operations, many efforts have been delivered to enhance the bandwidth, and it includes applying the matching networks [11] - [15] , coupled-fed antennas [16] - [18] , reconfigurable technique [19-[21] , nonresonant and capacitive coupling element (CCE) [22] - [24] , and hybrid multi-mode antennas [25] - [27] . As reported in [19] , the reconfigurable antenna can switch its working modes between loop antenna mode and IFA mode by controlling the pin diode's state. Besides the selection between two working modes, the work in [26] has achieved multiband operation by merging the self-resonant mode and nonresonant mode, and the work in [27] has also attained wide operating bandwidths by incorporating the monopole mode and slot mode.
Due to the complex design platform and wide target bandwidth [28] , to successfully design a multiband antenna for a metal-rimmed smartphone with large display screen is still a challenging topic for antenna engineers. Thus, in this paper, a hybrid multi-mode narrow-frame antenna for WWAN/LTE metal-rimmed smartphones is studied. This proposed antenna has two types of antenna modes, namely, loop mode and slot mode. By incorporating these two types of antenna modes, the proposed antenna is capable of covering the WWAN/LTE operating bands. Here, the merit of this work is that the ground clearance has a narrow width of only 5 mm, which is attractive for smartphone applications.
The rest of the paper is organized as follows: In Section II, the antenna geometry and working principles including the parameter studies are described. The measured results such as efficiency, gain, and radiation patterns are shown in Section III, in which the specific absorption rate (SAR) values are also presented. Finally, some conclusions are given in Section IV. Figure 1 shows the geometry and optimized dimensions of the proposed hybrid multi-mode narrow-frame antenna for WWAN/LTE metal-rimmed smartphones. As shown in Fig. 1(a) , a 0.8-mm thick FR4 substrate of relative permittivity 4.4 and loss tangent 0.024 is served as the system circuit board. Here, the system circuit board of size 115 mm × 60 mm is embraced by a metal rim of thickness 0.3 mm and has a height of 5 mm. As depicted in Fig. 1(b) , the space distance between the system circuit board and metal rim is 2 mm [5] - [7] . On the back side of the FR4 substrate, a 110 mm × 60 mm ground plane is printed to serve as the system ground of the smartphone. In this figure, three grounded patches (namely, #1, #2 and #3, of size 2 mm × 2 mm) are used to connect the system ground and metal rim at points H , G and F, respectively, with respect to lengths L 1 = 45 mm, L 2 = 27 mm, and L 3 = 2 mm. Here, an open gap of width 2 mm is inserted between points K and M of metal rim, which is for exciting the desired resonant modes.
II. ANTENNA CONFIGURATION
By further observing Fig. 1(c) , two protruded grounds are loaded separately into the two top corners of the system ground. At one of the corners is a 5 mm × 15 mm rectangularshaped protruded ground that can be used for loading components such as USB or speaker [29] . As for its opposite corner, an inverted-L shaped protruded ground strip composed of two sections (vertical and horizontal) is extended from point D.
Here, the size of vertical section is 5 mm × 1 mm, and the horizontal section is 20 mm × 1.5 mm. Notably, this inverted-L shaped strip is loaded within the left corner of the ground clearance area (45 mm × 5 mm). It is also worth mentioning that a U-shaped radiating strip is also loaded within this ground clearance, but at the opposite side of the substrate, even though it is fed by a 50-mini coaxial feedline (at point A) that has its shielding ground soldered (shorted) to the ground plane behind it, as shown in Fig. 2 . This U-shaped radiating strip is placed 2 mm away from the rectangular protruded ground, and it has two dissimilar horizontal lengths (30.5 mm and 11 mm), in which the open-end of the longer one is at point C, while the open-end of the shorter one at point A serve as the feeding point. 
III. WORKING PRINCIPLES
To analyze the excited modes of the proposed hybrid multimode antenna, Figs. 3-5 show the design evolution and simulated working principle of each reference antenna. As depicted in Fig. 3(a) , the U-shaped strip (path AC) and inverted-L strip (path DE) can form a coupled-loop #1, which lead to the excitation of a distinct coupled-loop mode the coupled-loop #3 (partial rim path HK) into Ref_2 (that forms the Ref_3) can generate yet another resonant mode (Mode 1 or M 1 ) in the lower band at approximately 900 MHz, and its higher order mode (Mode 6 or M 6 ) at approximately 2700 MHz is also induced. Interestingly, for Ref_3, the coupled-loop #3 has somehow suppressed M 5 , which may be due to the strong coupling effects between the coupledloop #3 and inverted-L shaped protruded ground strip. Nevertheless, this suppressed effect on M 5 will be mitigated after the partial rim (path FG) is loaded into Ref_3. For the case of Ref_3, even though the upper operating band is able to cover the DCS/ PCS/UMTS2100 and LTE2300/2500 operations (1710-2690 MHz), the lower operating band (M 1 alone) is still too narrow for covering the GSM850/900 bands (824-960 MHz).
Therefore, to overcome a narrow lower operating band, a slot #1 formed by the partial rim (path FG) and system ground is introduced into Ref_3 (that forms the Ref_4), as presented in Fig. 3 As depicted in Fig. 3 (e), the proposed antenna is finally formed by further introducing a partial rim (path HG) into Ref_4, so that the proposed antenna has a near full-metal rimmed structure (with an narrow open-slot) that can give good robustness and protection for the smart-phone. In this case, except for shifting M 6 slightly to the higher frequency band at 2850 MHz (with S 11 = −7 dB), this new slot (created between rim path HG and system ground) does not generate a new resonant mode nor has any further effects on M 1 -M 5 , as shown in Fig. 5 . To reconfirm this phenomenon, this new slot is filled with an L-shaped grounded patch, as presented in Fig. 3(f) , and the result in Fig. 5 has clearly demonstrated that M 1 -M 5 are still unaffected. As reported in [30] , even though this slot can be served as a new antenna such as GPS, WIFI or diversity antenna, or it can be filled with metal VOLUME 4, 2016 strip/block to enhance the robustness of the smartphone [9] , in this investigation; it is not used for any further purposes. show that the surface current distributions at along the coupled-loop #2 and coupled-loop #1, respectively, operate at 0.5λ loop mode (M 3 ) and 1λ loop mode (M 5 ). By observing Fig. 6(b) , the current distribution along slot #1 has shown that M 2 is excited at its fundamental 0.5λ slot mode, and its corresponding higher-order 1λ slot mode M 4 is shown in Fig. 6(d) . It is worth mentioning that for ease in identifying the electrical length of slot mode, the magnetic current distribution within the slot #1 can be plotted instead of surface current distribution, however, for consistency and brevity, they are thus not shown in Fig. 6 .
The performances of proposed antenna are related to several antenna parameters. In this antenna design, by tuning the positions L 1 , L 2 and L 3 of the three grounded patches #1, #2 and #3, respectively, their effects on each resonant mode are shown in Figs. 7-9 . Fig. 7 shows the effects of varying the position of grounded patch #1 (L 1 ) on the resonant frequencies. By increasing L 1 from 42 mm to 48 mm (with a step increment of 3 mm), both M 1 and M 6 are shifted to the lower frequency band, except for the case of M 6 when L 1 = 48 mm that is due to impedance mismatching. Nevertheless, all the other modes remain almost steady when L 1 is tuned, which is mainly because the electrical length of coupled-loop #3 will also increase as L 1 increases. Because a smaller L 1 (42 mm) will exhibit a narrow lower operating band, and a larger L 1 (48 mm) will show impedance mismatch between M 1 and M 2 , thus, in this case, the optimum L 1 value is chosen as 45 mm. Figure 8 shows the effects of tuning the position of grounded patch #2 (L 2 ). In this figure, when L 2 is increased from 24 mm to 30 mm (with a step increment of 3 mm), the two slot modes M 2 and M 4 are slightly shifted to the higher frequency band, because of the decreasing electrical length of slot #1 as L 2 increases. Here, M 1 and M 6 have also shown the same phenomenon, which may be due to the partially coupled effects between the open section of rim strip (path MF) and the bending section of U-shaped radiating strip. In this case, M 3 and M 5 remain almost still. Because of its good impedance matching across the two operating bands, in this case, the optimum L 1 value is chosen as 27 mm.
As aforementioned in Figs. 7 and 8, tuning L 1 and L 2 can simultaneously control the two loop modes (M 1 and M 6 ) and the two slot modes (M 2 and M 4 ), respectively. To allow variation of loop mode M 3 , Fig. 9 shows that varying the position of grounded patch #3 (L 3 ) from 2 mm to 6 mm (with a step increment of 2 mm) can aid in shifting M 3 to the lower frequency band from approximately 1740 to 1550 MHz, due to the increased electrical length of rim path MF. Because increasing L 3 will also lead to reducing the rim path FG, thus, the slot modes M 2 and M 4 will be shifted to the higher frequency band. Notably, varying L 3 will also slightly reduce the coupling effects between the open gap KM, and thus both loop modes M 1 and M 6 will also be slightly affected and shift to the lower frequency band. In this case, the optimum L 3 value is chosen to be 2 mm, because a larger L 3 will have undesirable impact on the impedance matching of slot mode M 2 , thus reducing the lower operating bandwidth. Lastly, it is worth noting that the only unaffected mode is M 5 when the ground patches position (L 1 , L 2 and L 3 ) are tuned. This is because the current distribution path of M 5 does not involve the metal rim, as shown in Fig. 6(e) . Therefore, the tuning of M 5 can be easily performed by simply increasing the length of inverted-L shaped protruded ground strip, which is not shown in here, for brevity.
IV. MEASUREMENT AND ANTENNA PERFORMANCE
The proposed hybrid multi-mode narrow-frame antenna was fabricated, and its photo pictures are as shown in Fig. 2 . The measured and simulated S parameters of the prototype are presented in Fig. 10 , and the two results validated well with each other. The measured lower and upper operating bandwidths (based on 3:1 VSWR) were 822-965 MHz and 1590-2910 MHz, and they can cover the two bands of interest (824-960 and 1710-2690 MHz) that is widely used as the design specification for LTE/WWAN mobile antennas.
The radiation characteristics, antenna gains and total efficiencies of proposed antenna prototype were measured in a SATIMO microwave anechoic chamber. Figs. 11(a)-(e) show the measured radiation patterns of proposed antenna at 860 MHz, 920 MHz, 1850 MHz, 2050 MHz and 2450 MHz, respectively. Notably, in the xy-plane (azimuthal plane), the E θ component and E component are comparable or complementary within the two desired operating bands, which are advantageous for practical smartphone applications, due to the complex wave propagation environment [32] .
The measured total efficiencies and antenna gains of the fabricated reconfigurable narrow-frame antenna are presented in Fig. 12 . For the lower operating band across GSM850/900 (824-960 MHz), the measured antenna gains varied between −0.7 and 2.6 dBi, and its corresponding total efficiencies were 54-86%, which are acceptable for practical applications. As for the desired upper operating band across DCS/PCS/ UMTS2100 and LTE2300/2500 (1710-2690 MHz), the measured antenna gains were between 2.3 and 5.2 dBi, and its corresponding total efficiencies were larger than 75%. As a result, the measured radiation characteristics within the operating bands of the proposed antenna are suitable for the requirement of the smartphone systems.
The specific absorption rate (SAR) simulation model and the simulated SAR values for 1-g head tissue are shown in Fig. 13 and Table 1 . Here, the simulation model was performed via the electromagnetic simulation software CST (computer simulation technology) version 2012. In the simulation, the smart phone handset (proposed hybrid multi-mode narrow-frame antenna) was placed in close proximity to the VOLUME 4, 2016 head phantom ear with a distance of 1 mm, and it was inclined to the vertical line by 60 degrees, as shown in Fig. 13 .
The simulated input power for the SAR testing was 24 dBm for 859 MHz and 925 MHz, and 21 dBm for 1795 MHz, 1920 MHz, 2045 MHz, 2350 MHz and 2595 MHz. Its corresponding simulated 1-g SAR values and the S parameter are listed in Table 1 . In this table, it is observed that the obtained SAR values of proposed antenna are well below the SAR limit of 1.6 W/kg for 1-g tissue. The influences of the head on S parameters and total efficiencies are also been studied in Table 1 , which demonstrates that the presented antenna is acceptable for practical smartphone application [6] . Table 2 shows the comparisons between proposed antenna and those reported in the open-literature [5] - [10] , [25] . In this table, compared with other works that have also integrated the metal rim structure into their design, the proposed one has exhibited smaller ground clearance of 45 mm × 5 mm, as compared with [5] - [9] . Because the excited U-shaped radiating element has a small planar size and simple structure, thus it can be easily integrated into any metal-rimmed smartphone design; and it can also be easily tuned to satisfy the required frequency band and bandwidth requirement for LTE/WWAN operation. Furthermore, as the proposed work can satisfy the electrical and mechanical requirements for smartphone applications, thus, the design of this proposed work has given the future antenna engineer a very promising and practical antenna solution for narrow-frame smartphones.
V. CONCLUSION
A hybrid multi-mode antenna capable of providing hepta-band WWAN/LTE for metal-rimmed smartphone applications has been successfully studied in this paper. By merging the three coupled-loop modes and one slot mode, this proposed antenna can provide dual wide bandwidths of 822-965 MHz and 1590-2910 MHz that can cover the GSM850/900, DCS/ PCS/UMTS2100, and LTE2300/2500 operations, respectively. Furthermore, good efficiency of more than 54% and peak gains of between −0.7 and 5.2 dBi were achieved across the two bands of interest, in which they can meet the requirements for smartphone systems. In addition, the simulated SAR values of this proposed antenna were less than 1.6 W/kg for 1-g head tissue. Therefore, the proposed antenna is very promising for metal-rimmed smartphone applications.
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